Proteus mirabilis, a common cause of nosocomial and catheter-associated urinary tract infection, colonizes the bladder and ascends the ureters to the proximal tubules of the kidneys, leading to the development of acute pyelonephritis. P. mirabilis is capable of swarming, a form of multicellular behavior in which bacteria differentiate from the short rod typical of members of the family Enterobacteriaceae, termed the swimmer cell, into hyperflagellated elongated bacteria capable of rapid and coordinated population migration across surfaces, called the swarmer cell. There has been considerable debate as to which morphotype predominates during urinary tract infection. P. mirabilis(pBAC001), which expresses green fluorescent protein in both swimming and swarming morphotypes, was constructed to quantify the prevalence of each morphotype in ascending urinary tract infection. Transurethral inoculation of P. mirabilis(pBAC001) resulted in ascending urinary tract infection and kidney pathology in mice examined at both 2 and 4 days postinoculation. Using confocal microscopy, we were able to investigate the morphotypes of the bacteria in the urinary tract. Of 5,087 bacteria measured in bladders, ureters, and kidneys, only 7 (0.14%) were identified as swarmers. MR/P fimbria expression, which correlates with the swimmer phenotype, is prevalent on bacteria in the ureters and bladder. We conclude that, by far, the predominant morphotype present in the urinary tract during ascending infection is the short rod-the swimmer cell.
Proteus mirabilis, a common uropathogen, causes urinary tract infections (UTIs) in individuals with structural abnormalities of the urinary tract and is frequently isolated from the urine of elderly patients undergoing long-term catheterization (38, 40) . Complications from infection with this organism are frequently serious and include bladder and kidney stone formation, encrustation and obstruction of the urinary catheter, acute pyelonephritis, and bacteremia (9, 33, 35, 38, 39) . Indeed, this bacterium has a propensity for colonization of the kidney; in bladder washout studies, P. mirabilis was found in the kidneys more often than Escherichia coli (15) .
Several virulence factors have been identified and characterized for P. mirabilis. These factors include a potent urease that catalyzes formation of ammonia from urea and leads to urinary stone formation (22) , a pore-forming hemolysin (16) , ZapA metalloprotease which cleaves both immunoglobulin G (IgG) and IgA (37) , a capsular polysaccharide (19) , four distinct fimbrial types (6, 7, (24) (25) (26) (27) (28) (29) , and peritrichous flagella for swimming (8, 11, 18) and swarming motility (1, 2, 4, 5, 10, 12, 13, 31, 41) .
In liquid medium, P. mirabilis exists as a short (1.5 to 2 m) motile rod with peritrichous flagella typical of members of the family Enterobacteriaceae. When transferred from liquid to an agar surface, the cells undergo striking changes in morphology and physiology, which result in a differentiated morphotype, called a swarmer cell, that is capable of multicellular rapid movement. Soon after encountering the solid surface of the agar, bacteria elongate dramatically due to an inhibition of septation, reaching 10 to 40 m with minimal increase in cell width. During elongation, DNA replication is not affected, while the synthesis rates of certain proteins, most notably, urease, hemolysin, ZapA, and flagellin, are markedly increased (3, 5, 32, 37, 43) .
The importance of swarming motility of P. mirabilis in UTIs has been debated yet remains unclear. Alison and colleagues (5) showed that hemolysin, urease, and metalloprotease are induced in swarmer cells to levels 30-to 80-fold higher than the levels in the swimmer cells. They also showed that swarmingspecific induction of the virulence factors is controlled by coordinated differential gene expression (2) . In vitro studies by Alison and colleagues showed that the differentiation from swimmer to swarmer cells is coupled to the ability of P. mirabilis to invade uroepithelial cells (1) .
However, other reports suggest that perhaps swarming is not critical for infection. A nonflagellated isolate of P. mirabilis, unable to swarm, was recovered from a human with UTI and with UTI symptoms (44) . When this isolate and a flagellumnegative mutant generated in the laboratory were separately compared with a flagellated isolate in an ascending mouse model of UTI, colonization rates were similar for all three strains (23) . Therefore, there is no clear consensus in the literature as to whether P. mirabilis swarming is important or whether it even exists in ascending UTIs.
In this study, we used confocal microscopy, P. mirabilis expressing green fluorescent protein (GFP), and the mouse model of ascending UTI to quantify the morphotypes present during infection. Using these techniques, we demonstrate that the swarmer cell is only rarely observed during ascending UTIs.
Bacterial strains and media. P. mirabilis HI4320 (produces urease, hemolysin, and MR/P, Pmf, and ATF fimbriae) was isolated from an elderly woman with urinary catheter-associated bacteriuria (22) . E. coli DH5␣ [supE44 ⌬lacU169 (80lacZ⌬M15) hsdR17 recA1 gyrA96 thi-1 relA1] was used as a recipient for transformations and as a storage strain for plasmids. Luria broth (per liter, 10 g of peptone, 5 g of yeast extract, 10 g of NaCl) and Luria agar (Luria broth containing 1.5% [wt/vol] agar) were used as culture media. Nonswarming agar (per liter, 10 g of peptone, 5 g of yeast extract, 0.5 g of NaCl, 5 ml of glycerol, 20 g of agar) (12) was used to prevent P. mirabilis from swarming. When necessary, plates and media were supplemented with ampicillin (100 g/ml).
P. mirabilis HI4320(pBAC001) fluoresces brightly in both swimmer and swarmer morphotypes. To accurately assess the relative presence of both swimmer and swarmer morphotypes in the urinary tract, it was necessary to construct a plasmid that expressed GFP in both morphotypes. The gene gfpmut2 was generously provided by Brendan Cormack (Johns Hopkins School of Medicine). PCR was used to amplify gfpmut2 sequence from plasmid pKEN-Gfpmut2 (14) using VENT DNA polymerase (New England Biolabs, Beverly, Mass.). PCR was performed in an MJ Research Minicycler thermal cycler as previously described (43) . Plasmid pBAC001 was constructed so that both the lac promoter and the flaA promoter drive expression of gfpmut2 (Fig. 1A) . The flaA promoter is contained within a 148-bp region upstream of the start codon for the flagellin gene (flaA) of pflaDAB, which was generously provided by Robert Belas (University of Maryland Center of Marine Biotechnology) (11) . P. mirabilis was transformed with this plasmid using standard electroporation protocols (36) . GFP is produced constitutively in P. mirabilis HI4320 transformed with this plasmid (Fig. 1B) .
Short-form swimmer cells isolated from the center of the bull's-eye ( Fig. 1C ) and the elongated swarmer cells taken from the leading edge of the outermost terrace ( Fig. 1D ) fluoresced bright green when bacteria were visualized by laserscanning confocal microscopy. Thus, both swimmer and elongated swarmer cells can be easily detected by fluorescence microscopy.
P. mirabilis HI4320(pBAC001) causes ascending UTI in an experimental mouse model. To visualize fluorescent bacteria in urinary tract tissue, CBA mice were inoculated transurethrally with 10 9 CFU of P. mirabilis HI4320(pBAC001) bacteria expressing GFP in both swimmer and swarmer morphotypes. Six 8-week-old female CBA mice (Jackson Laboratory, Bar Harbor, Maine) were inoculated transurethrally via a Harvard pump in a modified version (21) of the Hagberg method (20) . Two or four days postinoculation, an overdose of methoxyfluorane was given to the mice, and the bladders, ureters, and kidneys of the mice were aseptically removed. Bladders and kidneys were weighed and then sliced in half longitudinally. To determine the number of viable bacteria per gram of tissue, half of each bladder and kidney was homogenized by mortar and pestle and then plated onto Luria agar containing ampicillin (100 g/ml). Ϫ20°C until stained. Tissues were permeabilized by 30-min incubation in 0.1% Triton X-100. Surface carbohydrates on the host epithelium were stained with biotinylated Lycopersicon esculentum (tomato) lectin (Vector Laboratories, Eugene, Oreg.) for 20 min at room temperature; the tissue was rinsed with copious amounts of phosphate-buffered saline (PBS) and incubated three times for 6 min each time with PBS. Streptavidin conjugated to Alexa-Fluor 568 (Molecular Probes, Eugene, Oreg.) was then applied to the tissue and incubated for 20 min at room temperature. After three 6-min washes in PBS, the sections were mounted with Vectashield mounting medium with 4Ј,6Ј-diamidino-2-phenylindole (DAPI) (Vectashield Laboratories Inc., Burlington, Calif.).
Actin staining was performed by incubating sections with a monoclonal antibody against actin, AC-40, conjugated to 5,5Ј-disulfo-1,1Ј-(-␣-carbopentynyl)-3,3,3Ј,3Ј-tetramethylindolocarbocyanin-N-hydroxysuccinimidester (Cy3) Sigma Chemical Company, St. Louis, Mo.) at 37°C for 1 h. After three 6-min washes in PBS, the sections were mounted with Vectashield mounting medium with DAPI (Vectashield Laboratories Inc.).
Four sections from each organ from eight mice (four mice at day 2 postinoculation and four mice at day 4 postinoculation) were viewed. Slides were examined with a Zeiss LSM410 confocal laser-scanning microscope with a 63ϫ lens objective and a numerical aperture of 1.4. GFP and Alexa-Fluor 568 signals and Cy3 were excited with the 488-and 568-nm-wavelength lines of a 50-mW KrAr laser and detected through 515-to 540-nm-wavelength band-pass and 590-nm-wavelength longpass filters, respectively. The 100-mW argon laser (Coherent Enterprise) with laser lines with wavelengths of 351 and 364 nm excited the DAPI-stained nuclei and Alexa-Fluor 350-conjugated MR/P fimbriae. Signals were detected through a 460-nm-wavelength long-pass filter. Numerous fluorescent bacteria were observed in the bladder, ureter, and kidney samples after both 2 and 4 days. Bacteria (green) colonized along the lumen of the bladder and within the mucous coat covering the bladder umbrella cells (Fig. 2A) . Bladder mucosa is stained red with biotinylated lectin-streptavidin-conjugated Alexa-Fluor 568 ( Fig. 2A) . Kidney cells are stained red with a Cy3-conjugated antiactin antibody ( Fig. 2B and D) , and nuclei are blue (DAPI). Polymorphonuclear cells are stained red with the biotinylated lectinstreptavidin-conjugated Alexa-Fluor 568. Three areas of the kidney are shown: proximal tubules and capillaries (Fig. 2B) , medulla (Fig. 2D) , and pus in the renal medulla (Fig. 2C) . Again, the bacteria are green, while the kidney tubular epithelial cells, endothelial cells (Fig. 2B) , and polymorphonuclear cells (Fig. 2C) are red, and the host nuclei are blue (Fig. 2) . In these examples, bacterial length varied from 1.5 to 9.5 m.
Swimmer cells were the predominant morphotype; swarmer cells were rarely observed in the urinary tract. Of 5,087 bacteria measured in the bladders, ureters, and kidneys of eight mice, only 7 (0.14%) bacteria met our criteria of the swarmer cell morphotype. Bacteria were categorized as swimmer or swarmer cells according to their length. We defined a swarming cell based on bacterial length in accordance with the observations of Matsuyama and colleagues in published reports (30) . In their paper focusing on the specific factors of the cyclic swarming behavior of P. mirabilis, they measured the length of the cells from seven distinct areas of a bull's-eye colony. At the outermost terrace, Ͼ80% of the 100 bacteria measured were Ͼ10 m in length. We chose to use this criterion of Ͼ10 m in length as our definition of a swarming cell. The overall prevalence of swarmers on both days and in all organs examined was 1.38/1,000. There was no significant statistical variability between days or sites. Bladder, ureter, and kidney sections from eight mice (four mice from day 2 postinoculation and four mice from day 4 postinoculation) were examined for bacterial morphotype. All seven of these rare morphotypes are depicted in Fig. 3 . The swarmer cells varied in length between 12 and 19 m. All swarmers but two ( Fig. 3B and C) were in close contact with surrounding swimmer cells. There were no groups of swarmer cells. Swarmers were found both in tissue and in pus. However, the vast majority of fields studied using confocal microscopy exclusively showed all swimmer morphotypes (Fig. 2) . To ensure that we were not missing elongated swarmer cells that had cured themselves of the plasmid and thus were not fluorescent, we examined several sections of tissue stained by hematoxylin and eosin (H&E). After measuring Ϸ600 bacteria, we determined that the percentage of swarmer cells observed in the H&E-stained tissues was consistent with the negligible numbers found by confocal microscopy (data not shown) (17) . Because a swarmer cell synthesizes hundreds to thousands of flagella, it is easy to hypothesize that the swarmer morphotype is required for virulence in the urinary tract, where the bacterial population must colonize and multiply while combating the host's immune system, including the flushing action of urine. Other published data, however, bring into question the relevance of the swarmer morphotype. First, an aflagellate P. mirabilis isolate was obtained from a human with a UTI and UTI symptoms and used to assess whether flagella and hence swarming are necessary for infection (44) . This aflagellate isolate was able to infect mice, albeit in reduced numbers, when inoculated intravenously and transurethrally. Second, follow-up studies demonstrated the ability of an isogenic nonflagellated P. mirabilis mutant to infect mice in numbers similar to those of the wild-type strain (23) . Studies conducted in our laboratory found that a nonswarming, nonmotile flagellum mutant (34) was also able to infect the urinary tract but in numbers 100 times lower than those of wild-type P. mirabilis. Therefore, we sought to quantitatively determine the proportion of swarmer cells in vivo by tracking P. mirabilis expressing GFP during an ascending UTI.
Allison and colleagues arrived at very different conclusions (2) in their 1994 article examining P. mirabilis infection. Using H&E staining of tissue from mice infected with P. mirabilis, they showed that long differentiated cells (40 m long) were the major cell type in renal tissue, while the inflammatory exudates primarily contained short vegetative cells. There are several possible explanations for the dissimilar results of our experiments. They used suckling mice injected intravenously with a highly virulent P. mirabilis strain obtained from a patient with a chronic UTI and renal stone. We infected adult female mice transurethrally with HI4320, a strain obtained from a woman with catheter-associated bacteriuria. Allison and colleagues allowed the infection to continue for 15 days, much longer than the 2-and 4-day time points we examined. They observed several elongated bacteria in the kidney parenchyma; these bacteria might have infected the kidney via the bloodstream (2) . Perhaps the swarmer morphotype is significant for kidney colonization and persistence in intravenous infections of P. mirabilis. Therefore, these data are not necessarily mutually exclusive; they may just examine different aspects of P. mirabilis infection. In our experimental model of ascending UTI, the swarmer morphotype was rarely observed. Bacteria in ureters were all swimmer cells. No bacterium viewed in the ureters, whether at 2 or 4 days postinoculation, was longer than 10 m. A representative micrograph of ureter tissue shows that the majority of bacteria in the ureters expressed MR/P fimbriae (Fig. 4B) . Tissue was stained with purified anti-MrpA. This antibody was created by subcutaneously injecting New Zealand White rabbits with purified MBP-MrpA fusion protein (100 g) emulsified in Freund's complete adjuvant as previously described (24) .
Bladder, ureter, and kidney tissues were permeabilized as described above, incubated for 60 min at 37°C with the antibody, and washed in PBS as described above. The tissue samples were treated with a secondary anti-rabbit antibody conjugated to Alexa-Fluor 350 (Molecular Probes) and washed three times in PBS as described above. Sections were mounted with fluorescent mounting medium (Vectashield). Negative controls for MR/P-binding specificity used the Alexa-Fluor 350-conjugated anti-rabbit antibody without the initial step of applying the MR/P antibody.
Z sections taken at 0.5-m intervals of this cluster of bacteria show that all these bacteria express MR/P fimbriae (red) (Fig. 4A , right frame of each numbered pair of frames). Images were captured in the same focal plane with the laser exciting the Alexa-Fluor 350 MR/P fluorescence offset slightly left of the laser exciting GFP to show that the images are distinct. When the sections are merged into one image (Fig. 4B) , one sees the colocalization (yellow) of the green bacteria with the red fluorescent MR/P fimbriae.
The swarmer cell does not express MR/P fimbriae. One phenotypic characteristic of swimmer cells is the expression of MR/P fimbriae. MR/P fimbria expression is inversely regulated with swarming (27) . The final gene of the MR/P fimbrial operon, mrpJ, is a repressor of motility in P. mirabilis. MrpJ represses transcription of the flagellar regulon and thus reduces flagellum synthesis when MR/P fimbriae are present. Therefore, it is logical to reason that the expression of MR/P fimbriae, as demonstrated by the anti-MrpA staining, indicates the hyperfimbriated swimmer cell, not the hyperflagellated swarmer cell. The section shown in Fig. 3E was treated with antibody to MrpA, the major pilin subunit of MR/P fimbriae. Note that the majority of the surrounding swimmer cells produce MR/P fimbriae (blue), while the swarmer cell does not (Fig. 3E) .
A well-studied strain of P. mirabilis from a human case of catheter-associated bacteriuria was rendered fluorescent by transformation with a plasmid that expressed GFP in both swimmer and swarmer morphotypes. In an established murine model of ascending UTI, we identified by confocal microscopy that only 7 of 5,087 bacteria possessed the elongated swarmer morphotype. We conclude (despite the tempting hypothesis that the hypermotile swarmer cells are the cells that ascend the ureters to the kidneys) that the predominant morphotype in ascending UTIs is the short, motile, fimbriated swimmer cell.
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